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Abstract
Sulfide detoxification can be catalyzed by ancient membrane-bound flavoproteins, sulfide:quinone oxidoreductases
(Sqr), which have important roles in sulfide homeostasis and sulfide-dependent energy conservation processes by
transferring electrons from sulfide to respiratory or photosynthetic membrane electron flow. Sqr enzymes have been
categorized into six groups. Several members of the groups I, II, III, and V are well-known, but type IV and VI Sqrs are,
as yet, uncharacterized or hardly characterized at all. Here, we report detailed characterization of a type VI
sulfide:quinone oxidoreductase (TrSqrF) from a purple sulfur bacterium, Thiocapsa roseopersicina. Phylogenetic anal-
ysis classified this enzyme in a special group composed of SqrFs of endosymbionts, while a weaker relationship could
be observed with SqrF of Chlorobaculum tepidum which is the only type VI enzyme characterized so far. Directed
mutagenesis experiments showed that TrSqrF contributed substantially to the sulfide:quinone oxidoreductase activity of
the membranes. Expression of the sqrF gene could be induced by sulfide. Homologous recombinant TrSqrF protein was
expressed and purified from the membranes of a SqrF-deleted T. roseopersicina strain. The purified protein contains
redox-active covalently bound FAD cofactor. The recombinant TrSqrF enzyme catalyzes sulfur-dependent quinone
reduction and prefers ubiquinone-type quinone compounds. Kinetic parameters of TrSqrF show that the affinity of the
enzyme is similar to duroquinone and decylubiquinone, but the reaction has substantially lower activation energy with
decylubiquinone, indicating that the quinone structure has an effect on the catalytic process. TrSqrF enzyme affinity for
sulfide is low, therefore, in agreement with the gene expressional analyis, SqrF could play a role in energy-conserving
sulfide oxidation at high sulfide concentrations. TrSqrF is a good model enzyme for the subgroup of type VI Sqrs of
endosymbionts and its characterization might provide deeper insight into the molecular details of the ancient, anoxic,
energy-gaining processes using sulfide as an electron donor.
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Introduction
Sulfur is essential for all living cells. The most reduced form
of sulfur is sulfide, which is toxic. Despite its toxicity, sulfide
takes part in many important physiological processes. In pro-
karyotes, sulfide-oxidizing enzymes allow sulfide to provide
electrons. In eukaryotes, sulfide has roles in ATP synthesis
within the mitochondrial electron transport complex II
(Mustafa et al. 2009), in the regulation of smooth muscle tone
(Hosoki et al. 1997), the relaxation of vascular smooth muscle
cells (Yan et al. 2004) and angiogenesis (Lloyd 2006).
Furthermore, damaged eukaryotic sulfide homeostasis corre-
lates with neurodegenerative diseases (Down syndrome,
Alzheimer disease) (Kimura 2002).
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Prokaryotes capable of oxidizing sulfide have a rather di-
verse phylogenetic distribution. The most well-known repre-
sentatives belong to the Gamma- and Epsilonproteobacteria,
the phylum Chlorobi (green sulfur bacteria) and the order
Chromatiales (purple sulfur bacteria), but several other bacte-
ria and even some archaea have also been reported with this
trait (for review, see Friedrich et al. (2001)). In concert with
the great variety of microbes with this capability and the di-
versity of the niches they thrive in, disulfide oxidoreductase
(DiSR) enzymes exert various physiological functions, via
reducing different substrates. The most well-characterized
representatives belonging to this class of enzymes, the
sulfide:quinone oxidoreductase (Sqr) flavoproteins, are pres-
ent in a broad range of organisms including archaea, bacteria,
fungi, insects, and even humans (Shahak and Hauska 2008).
Unlike flavocytochrome c sulfide dehydrogenase (frequently
abbreviated as flavocytochrome c, Fcc) (Chen et al. 1994)
which carries electrons from the sulfide ion to the water-
soluble cytochrome c in the periplasmic space, Sqr enzymes
reduce the quinone pool present in the photosynthetic or plas-
ma membranes of the cells, via their only cofactor flavin ad-
enine dinucleotide (FAD). Depending on which kind of elec-
tron transport the actual quinone species takes part in and the
biochemical parameters of the catalyzed reactions, the meta-
bolic routes Sqrs are involved in can be diverse. These routes
include primarily anoxygenic photosynthesis as described in
cyanobacteria (Shahak et al. 1987; Arieli et al. 1994), green
sulfur bacteria (Shahak et al. 1992; Frigaard and Bryant
2008a; Frigaard and Bryant 2008b; Chan et al. 2009;
Holkenbrink et al. 2011) and purple sulfur bacteria (Schutz
et al. 1997; Reinartz et al. 1998; Schutz et al. 1999; Dahl
2008), and respiration as described in the hyperthermophilic
bacterium Aquifex aeolicus (Nübel et al. 2000). Detoxification
in a marine spoon worm (Ma et al. 2012) and even metal
tolerance in yeast (Vande Weghe and Ow 1999) have also
been reported. Additionally, Sqrs play important functions in
numerous physiological and pathophysiological processes by
participation in the control of the level of H2S, which can play
a role as a signaling molecule in animals (Wang 2002; Li et al.
2011; Jackson et al. 2012; Szabo 2016).
Due to the diversity of these enzymes, several attempts
have been made for their classification. Theissen and co-
workers investigated the eukaryotic Sqrs and identified three
groups with some inherent uncertainities (Theissen et al.
2003). Pham and co-workers set up six classes based upon
amplified Sqr-like sequences from various sediments (Pham
et al. 2008), with deeper phylogenetic resolution than before.
The ever-growing set of publicly available sequence informa-
tion and the 3D structures of type I Sqr of A. aeolicus (PDB:
3HYW) (Marcia et al. 2009) and Acidithiobacillus
ferrooxidans (PDB: 3T2Z) (Cherney et al. 2010) and type V
Sqr of Acidianus ambivalens (PDB: 3H8I) (Brito et al. 2009)
enabled the establishment of a novel classification of Sqrs into
six divisions using structure-based sequence fingerprints
(Marcia et al. 2010a). This classification and the fingerprints
facilitate the critical investigation of the atomic environment
of the cofactor, the route of sulfide access to the active site, the
binding of the quinone substrate as well as the detailed mo-
lecular mechanism of the enzymatic reaction, among others.
Based on the similarities of these features within each group,
similar overall biochemical and functional behavior can be
predicted. As an example for the validity and power of this
prediction, we have shown (Nagy et al. 2014) that the type I
Sqr of Synechocystis PCC6803 delivers electrons to the pho-
tosynthetic electron transport chain when exposed to sulfide,
which is in agreement with the anoxygenic, sulfide-based pho-
tosynthesis reported for Oscillatoria limnetica (Shahak et al.
1987), another cyanobacterium with the same type of Sqr
(Arieli et al. 1994). The sulfide-inducible expression of the
encoding gene is also a sign of sulfide-related function, while
in contrast, constitutive expression was reported for the Sqr
enzymes of Allochomatium vinosum (Reinartz et al. 1998;
Dahl 2008), Rhodobacter capsulatus (Schutz et al. 1997;
Schutz et al. 1999), and Aquiflex aeolicus (Nübel et al. 2000;
Marcia et al. 2010a). Nevertheless, it is also noteworthy
that the genomes of somemicrobes harbor more than one gene
copy coding for sulfide oxidases of different classes. For ex-
ample, Allochomatium vinosum contains two Sqr enzymes
belonging to distinct groups, types IV and VI (Weissgerber
et al. 2014). In Chlorobaculum tepidum, four potential sqr
genes were identified, and out of these, two genes coded for
functional sulfide:quinone oxidoreductases (Chan et al. 2009).
The sulfide-dependent whole cell expression profiles of these
strains were also analyzed by high-throughput methods, and
while in A. vinosum, expression of the sqr genes was hardly
sensitive to the presence of sulfide (Weissgerber et al. 2013;
Weissgerber et al. 2014), in C. tepidum, CT1087 sqr gene
expression was remarkably sulfide responsive (Eddie and
Hanson 2013).
Unlike the most thoroughly investigated, quite uniform,
type I Sqr enzymes (such as the enzyme of Acidithiobacillus
ferrooxidans (Wakai et al. 2007), Aquifex aeolicus (Marcia
et al. 2010b), Rhodobacter capsulatus (Griesbeck et al.
2002), or Oscillatoria limnetica (Arieli et al. 1994), the type
VI proteins form a rather diverse group. Type VI Sqr genes/
proteins have been found in proteobacteria, e.g., A. vinosum
(Weissgerber et al. 2011;Weissgerber et al. 2013;Weissgerber
et al. 2014), Acidithiobacillus ferrooxidans (Valdes et al.
2008), Acidovorax sp. (Miura et al. 2013), Beggiatoa alba
(WP_002685114), C. tepidum (Shuman and Hanson 2016),
and Rhodobacter capsulatus (Ding et al. 2014). Moreover,
type VI Sqrs are also found in endosymbiont of
Calyptogena okutanii deep sea clam (Kuwahara et al. 2007),
Riftia pachyptila and Tevnia jerichonana tube worms
(Gardebrecht et al. 2012) and scaly snail of undefined taxon-
omy fromMonju (Nakagawa et al. 2014). The endosymbionts
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gain energy and produce organic molecules for their hosts via
Sqr-catalyzed sulfide oxidation (Kuwahara et al. 2007), al-
though little is known about their biochemical properties or
physiological roles. So far, only one type VI enzyme, CT1087
Sqr of C. tepidum, was kinetically characterized (Shuman and
Hanson 2016). From the genetic, gene expression and kinetic
analyses, it was concluded that CT1087 had a role at high
sulfide concentrations (Chan et al. 2009; Eddie and Hanson
2013; Shuman and Hanson 2016).
Thiocapsa roseopersicina BBS (Bogorov 1974; Rakhely
et al. 1998), a purple sulfur bacterium from the family of
Chromatiaceae requires reduced sulfur compounds, prefera-
bly thiosulfate for its anoxygenic photochemolitoautotrophic
growth. Cells also utilize sulfide, however, not as the sole
inorganic electron source. For growth, this bacterium requires
the presence of another reduced compound (e.g., thiosulfate)
beside sulfide in the medium. It has complex hydrogen me-
tabolism (Palágyi-Mészáros et al. 2009) which is strongly
linked to sulfur metabolism in the cells (Palágyi-Mészáros
et al. 2009; Tengölcs et al. 2014). In an earlier study, the
presence of dsr genes, which encode enzymes for dissimila-
tory sulfur/sulfide conversion, were described in
T. roseopersicina BBS (Dahl et al. 1999). During the investi-
gation of the genomic sequence of the strain (Palágyi-
Mészáros 2006), three sulfide oxidase genes were discovered:
a gene coding for Fcc and two genes coding for Sqr enzymes.
According to the current classification, the sqr genes belong to
type IVand VI Sqrs, and for brevity, we have designated them
to TrSqrD and TrSqrF, respectively. Based on phylogenetic
analysis, TrSqrF is distantly related to the previously charac-
terizedC. tepidum SqrF. The aim of this work is to disclose the
physiological function and biochemical properties of the
TrSqrF enzyme, its contribution to the metabolism of the bac-
terium, and provide the first comprehensive description of a
type VI Sqr in a purple sulfur photosynthetic bacterium.
Materials and methods
Bacterial strains, plasmids, primers, nucleotide
sequences
Bacterial strains (Bogorov 1974; Herrero et al. 1990; Rakhely
et al. 2004), plasmids (Keen et al. 1988; Schäfer et al. 1994),
and PCR primers used are listed in Table S1, Table S2, and
Table S3, respectively. Nucleotide sequence data are available
in the GenBank database under the accession number
KY595105.
Growth conditions
E. coli cells were grown in Luria-Bertani Broth (LB) medium
with 100 μg mL−1 ampicillin or 100 μg mL−1 kanamycin.
T. roseopersicina strains were grown photoautotrophically in
modified Pfennig’s medium (Pfennig 1961) containing
4 g L−1 sodium thiosulfate under anaerobic conditions and
illumination at 25 °C for 6 days, supplemented with the ap-
propriate antibiotics when needed.
Construction of sqrF deletion mutant
T. roseopersicina strain
For construction of the deletion mutagenesis vector, the up-
stream region of the sqrF gene was amplified with the
osqn3F–osqn4R primer pair, treated with kinase and inserted
into an EcoRV-cleaved pBluescript vector (pBNUP). The
downstream region of the sqrF gene was amplified with the
osqn5F–osqn6R primer pair, treated with kinase and inserted
into an EcoRV-digested pBluescript vector (pBNDO). The
pBNUP vector was cleaved by HindIII and PstI and, the frag-
ment was inserted into a HindIII, PstI-digested pK18mobsac
vector (pKNUP). The pBNDO vector was cleaved by BamHI
and EcoRI and the fragment was inserted into a BamHI,
EcoRI digested pKNUP vector (pKDSQN). The pKDSQN
plasmid was transformed into E. coli S17-1 lambda pir, then
conjugated (Fodor et al. 2001) into T. roseopersicina GB1121
cells resulting, in the HOQN strain.
Construction of the TrSqrF expressing vector
The sqrF gene was amplified from T. roseopersicina genome
with the osqn11N and osqn12R gene-specific primers. The
PCR product encodes the TrSqrF protein fused to the N-
terminal Strep II affinity tag, due to the flanking region of
the osqn11N primer. It was subjected to kinase treatment
and inserted into an EcoRV-digested pBluescript vector
(pBSQNNS). The pBSQNNS was cleaved by HindIII, the
ends were polished by Klenow enzyme and cleaved by NdeI
endonuclease. The pDSK6CrtKm expression vector was
cleaved by PstI and blunted using DNAT4 polymerase, then
cleaved by NdeI and phosphorylated. The sqrF fragment was
inserted into the treated pDSK6CrtKm vector (pDSQNNS).
The pDSQNNS expression vector was conjugated (Fodor
et al. 2001) into the T. roseopersicina HOQN strain via the
appropriate E. coli S17-1 lambda pir cell line, resulting in the
NSQNN strain.
Expression and purification of SqrF protein
Recombinant SqrF protein-expressing T. roseopersicina cul-
tures were grown in 1-L ground-necked flasks in modified
Pfennig’s medium at 25 °C for 4 days. Cells were harvested
by centrifugation at 8300×g for 10 min. To remove the peri-
plasmic fraction, cells were suspended in 150 mM NaCl,
50 mM Tris pH = 8.0, 25% sucrose and 0.1% lysozyme and
incubated at 30 °C for 30 min. An equal volume of cold
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distilled water was added and the mixture was incubated on
ice for 10 min. After centrifugation (13,700×g; 10 min), the
spheroplasts were suspended in TBS (150 mM NaCl, 50 mM
Tris) pH = 8.0 buffer, sonicated with 8 × 15 s cycles on ice
(Bandelin Sonoplus HD3100) and centrifuged (27,000×g,
15 min). The supernatant (cell crude extract) was ultra-
centrifuged (Sorwall WX Ultra Series) (100,000×g, 90 min),
the pellet was suspended in TBS buffer. The membrane frac-
tion was treated with 10 mM EDTA (pH = 8.0) for 30 min at
room temperature, then 1.45 M sodium-bromide was added
and incubated for 60 min. The mixture was ultra-centrifuged
(200,000×g, 120 min). SqrF was purified from the supernatant
via Strep II tag using Strep-Tactin Superflow high capacity
resin at room temperature following the instructions of the
manufacturer (IBA Lifesciences).
Analysis of the sqr gene expression
T. roseopersicina strains were grown in Pfennig’s medium
containing 2 g L−1 sodium-thiosulfate at 25 °C for 2 days
under illumination. The medium of sulfur-globule-free cells
was changed to sodium-thiosulfate and carbonate-free medi-
um under anaerobic conditions. The lack of sulfur globules
was checked by microscopy. Sodium sulfide was added in
different concentrations and the cultures were incubated in
the dark for 1 h. For total RNA isolation, 5 mL of
T. roseopersicina culture was harvested by centrifugation
(16,800×g, 1 min). The cells were suspended in 300 μL
SET buffer (20% sucrose, 50 mM EDTA and 50 mM Tris-
HCl pH = 8.0); then, 300 μL of SDS buffer (20% SDS, 1%
(NH4)2SO4, pH = 4.8) and 500 μL saturated NaCl were added
to the suspension. Cell debris was eliminated by centrifuga-
tion (16,800×g, 10 min), and RNAwas precipitated from the
clear supernatant with 2-propanol (70% of the total volume of
the supernatant) and the mixture was centrifuged (16,800×g,
20 min). The RNA pellet was washed twice with 1 mL 70%
ethanol, and the dried pellet was suspended in 20 μL RNase-
free diethylpyrocarbonate-treated water. RNA concentration
was determined using a NanoDrop™ 1000 spectrophotometer
(Thermo Scientific). DNA contamination of RNA samples
was eliminated with DNase I (RNase-free, Fermentas) at
37 °C for 30 min according to the manufacturer’s instructions.
Reverse transcription of the sqrD and sqrF genes was carried
out with 1 μg of DNase I-treated total RNA and 0.5 μg of
reverse primers osqrrt2 and osqnrt2, according to the instruc-
tions of the Promega MMLV Reverse Transcriptase KIT.
Amplification was performed with sqrD and sqrF specific
primer pairs (osqrrt1-osqrrt2, osqnrt1-osqnrt2) in an Applied
Biosystems (Foster City, CA, USA) 7500 real-time PCR in-
strument. Quantification was carried out usingΔΔCt method
with 16S RNA as an internal control. Three independent bio-
logical replicates were measured.
Protein analytical methods
Purified SqrF protein samples were separated on 12% SDS-
polyacrylamide or clear native gradient (5–15%) polyacryl-
amide gels (Wittig and Schägger 2005). For denaturing gels,
6 μg proteins were loaded and the separate bands were detect-
ed by Blue Silver dye (Candiano et al. 2004). In the case of
clear native gels, 6.6 μg protein samples were loaded with
Blue native loading buffer (Wittig et al. 2006) into a clear
native (CN) gel using CN running buffer in the electrophoresis
chamber. For western blotting Strep II tag specific monoclonal
antibody (IBA Lifesciences) was used and chemilumines-
cence detection was carried out with the SuperSignal West
Pico Rabbit IgG Detection Kit (Thermo Scientific). In gel
detection of FAD, the protein bands and signals were recorded
by the VersaDoc 4000MP gel-imaging system (BIO-RAD).
The determination of purified TrSqrF protein concentration
was performed using the Lowry method (Lowry et al. 1951).
For mass spectrometric analysis, a purified TrSqrF sample
was reduced with dithiothreitol (5 mM), then free sulfhydryl
groups were alkylated with iodoacetamide (10 mM). The pro-
tein sample was digested by side-chain protected porcine tryp-
sin (Promega) at a trypsin:protein ratio of 1:100 (w/w) for 4 h
at 37 °C, then desalted. LC-MS/MS analysis was performed
on an Orbitrap Fusion Lumos mass spectrometer (Thermo
Scientific) online coupled to a nano-UHPLC system
(Waters) in a data-dependent fashion: multiply charged ions
were subjected to HCD fragmentation. Precursor and frag-
ment masses were measured in the orbitrap. A database search
was performed by Byonic against T. roseopersicina entries
downloaded from the Uniprot 12.20.2017. database (5043
sequences) concatenated with reversed sequences. Fully tryp-
tic peptides were considered and one missed cleavage site was
permitted. The precursor mass tolerance was 5 ppm, and the
fragment mass tolerance was 20 ppm. Carbamydomethylation
of Cys residues was set as fixed modification and oxidation of
Met residues, pyroglutamic acid formation from N-terminal
Gln residues, Met loss and acetylation of protein N-termini as
variable modifications. A 1% protein FDR cutoff was used.
Spectroscopic assays
The UV-visible absorption spectrum of the purified protein
was recorded by spectrophotometer (Nicolet Evolution 300,
Thermo Scientific) in a quartz cuvette and the fluorescent
spectrum was detected by QuantaMaster Spectrofluorometer
(Photon Technology International) with excitation at 450 nm
and emission from 470 nm to 610 nm in 10 × 10 mm quartz
fluorescence cell. For flavin cofactor binding analysis, the
purified protein was incubated in absolute methanol in a
sealed tube at 100 °C for 10 min or in 5% trichloroacetic acid
and centrifuged (16,200×g, 15 min, 4 °C). The absorption
5136 Appl Microbiol Biotechnol (2018) 102:5133–5147
spectrum of the supernatant was recorded by spectrophotom-
eter (Stanton and Jensen 1993).
Enzyme activity assay
Sulfide-dependent quinone reduction activity was measured un-
der anaerobic conditions in nitrogen-flushed quartz cuvette
sealed with a Suba-seal septa (Sigma-Aldrich). The reaction
mix contained 50 mM Trish-HCl pH = 8.0 buffer, 50 μM differ-
ent quinones, for measuring SqrF activity, 3.3 μg purified en-
zyme, or for determination of sulfide-dependent quinone reduc-
ing activity of membrane samples, 200 μg total protein-
containing membrane fraction was added in 1 mL final volume.
The reduction of duroquinone (molar extinction coefficient
16 mM−1 cm−1) (Degli Esposti et al. 1982) and decylubiquinone
(molar extinction coefficient 12.6 mM−1 cm−1) (Kröger 1978)
was followed at 275 nm at 25 °C immediately after the addition
of 200 μM anaerobically, freshly prepared sodium-sulfide.
Kinetic constants were determined from the duroquinone (5–
100 μM), decylubiquinone (5–100 μM), and sulfide (50–
600 μM) dependence of TrSqrF enzyme activity using nonlinear
regression analysis for curve-fitting onto the experimental en-
zyme activity data by MatLab software (Dorf and Bishop
2011). One unit of sulfide:quinone oxidoreductase activity was
a reduction of 1 μmol quinone min−1. Acivation energy values
were determined by linear regression analysis of the Arrhenius
plots using slope =−Ea/R (R = 8.31 J K−1 mol−1) equation. The
fittings were made in the 10–30 °C temperature range. Inhibition
of enzyme activity was carried out as a standard activity mea-
surement in the presence of duroquinone, sulfide, and 25–
300 μM iodoacetamide. Three independent experiments were
performed and evaluated.
Determination of sulfide content
T. roseopersicina cells were grown in modified Pfennig’s me-
dium. One milliliter of culture sample was filtered through a
0.22-μm syringe filter unit into a hermetically sealed 2-mL
crimp top HPLC vial containing 100 μL 7.4% hydrogen chlo-
ride. The hydrogen sulfide content of the gas space of the cell-
free sample was measured by gas chromatography at the be-
ginning and at the end of the gene expression experiment as
described earlier (Tengölcs et al. 2014).
Results
Identification of a type VI sulfide:quinone
oxidoreductase in T. roseopersicina
In the draft genome of the purple sulfur bacterium
T. roseopersicina, two presumably sqr genes were identified.
The first (KY595104) is a 1458 bp long ORF, and the deduced
protein is 485 amino acids long with a molecular mass of
52,884 Da and an isoelectric point of 6.2. The encoded protein
s h o w e d 8 0% i d e n t i t y t o A . v i n o s u m S q r D
(WP_012971338.1). The second gene (KY595105) is a
1128 bp long ORF, of which the deduced 375 amino acid long
protein product (calculated molecular mass of 41,477 Da and
isoelectric point of 8.83) showed 80% identity to A. vinosum
SqrF (accession no. ADC62134) and 23% amino acid identity
to the well-characterized SqrA of Acidothiobacillus
ferrooxidans (accession no. BAD99305) (Wakai et al. 2007).
Exceptional identities (60–70%) and similarities (75–80%) to
the SqrFs of endosymbionts, such as C. okutanii (Kuwahara
et al. 2007), R. pachyptila, and T. jerichonana (Gardebrecht
et al. 2012), could be observed. More comprehensive se-
quence comparisons can be seen in Table S5. The
T. roseopersicina Sqr proteins showed 26% amino acid iden-
tity to each other (for alignment of TrSqrD and TrSqrF see Fig.
S1). Neither signal peptide nor transmembrane regions could
be identified in the encoded proteins using SOSUI prediction
(Hirokawa et al. 1998).
A recently proposed classification identified six different
groups of Sqr proteins according to structure-based sequence
fingerprints (Marcia et al. 2010a). Phylogenetic analysis re-
vealed the closest relatives of T. roseopersicina Sqrs are among
type VI of Sqr homologs (Fig. 1). Based on the evolutionary
relationships, the identified T. roseopersicina Sqr proteins were
dubbed TrSqrD and TrSqrF according to the novel nomencla-
ture of Sqrs (Gregersen et al. 2011). The type IV Sqr subgroup
has not got any characterized representatives. The phylogenetic
tree also shows that the TrSqrF evolutionarily related to the
SqrFs of endosymbionts, while moderately related to the SqrF
(CT1087) of Chlorobaculum tepidum (Shuman and Hanson
2016). So far, the sole, heterologously expressed, type VI Sqr
of C. tepidum was kinetically characterized (Shuman and
Hanson 2016). This enzyme shows only 32% amino acid iden-
tity and 48% similarity to the TrSqrF sequence; therefore, they
might have distinct biochemical properties. According to the
phylogenetic tree and sequence similarities, TrSqrF is a good
model enzyme of the type VI Sqrs.
Comparison of the amino acid sequences of SqrF and other
type of Sqrs indicated the presence of all conserved motifs,
amino acids, and primary sequence properties in TrSqrF
which are characteristic to type VI Sqr enzymes (Marcia
et al. 2010a), which discriminates this group from others and
confirmed that T. roseopersicina SqrF is a type VI
sulfide:quinone oxidoreductase (Fig. 2, Table S4).
The common features of the type VI Sqrs are the absence of
Bcapping loops^ and short C-terminal region (Table S4). The
C-terminal of the monotopic membrane Sqrs might take part
in the attachment to the surface of the membranes (Schutz
et al. 1999; Marcia et al. 2009; Lencina et al. 2013), mediate
the connection with quinones (Marcia et al. 2009; Zhang et al.
2016), and could be important in dimerization or trimerization
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(Karplus and Schulz 1987; Marcia et al. 2009; Cherney et al.
2010). Cysteines are essential for the catalytic mechanism in
members of the disulfide oxidoreductase enzyme family. On
the basis of multiple alignment of Sqr amino acid sequences,
Cys332 (T. roseopersicina SqrF numbering) is conserved in
all groups and was shown to play a basic role in the oxidative
half-reaction by sulfide binding and oxidation (Marcia et al.
2009). Corresponding cysteines of Cys121 are responsible for
covalent binding of the FAD cofactor and are conserved in all
Sqr types except groups II and III. Cysteine corresponding to
the 160th position in A. ferrooxidans Sqr can be found in each
subfamily except type VI, where Val, or Met or Ile (Met156 in
T. roseopersicina) can be found instead (Marcia et al. 2010a).
On the other hand, Cys272 in TrSqrF is conserved exclusively
in type VI Sqrs, thus making it representative of this type of
enzymes (Marcia et al. 2010a) (Fig. 2).
Involvement of SqrF in the sulfide metabolism
of T. roseopersicina
According to multiple alignment of Sqr protein sequences,
SqrF is a sulfide:quinone oxidoreductase, which presumably
Fig. 1 Phylogenetic tree of sulfide:quinone oxidoreductase proteins. The
tree was inferred using the maximum likelihood method based on the Le-
Gascuel model (Le and Gascuel 2008). Bootstrap values of branches in
percentage based on 100 replications are shown. Evolutionary analyses
were conducted in MEGA6 (Tamura et al. 2013)
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has a role in the sulfide metabolism of the cell. In order to
disclose the effect of the membrane-bound SqrF on sulfide
oxidation processes, we created a SqrF deletion mutant
T. roseopersicina strain (HOQN) and compared its Sqr activ-
ity with that of its TrSqrFexpressing parental strain (GB1121).
Since T. roseopersicina can grow on sulfide in up to 5 mM
concentration, the membrane fractions of strains grown in
modified Pfennig’s media containing 5 mM sulfide for 2 days
were isolated and sulfide-dependent duroquinone (DQ) reduc-
tion activity of membrane samples of equal weight was mea-
sured. The membrane fraction of the TrSqrF-expressing strain
had quinone-reducing activity in the presence of Na2S, while
lack of the SqrF protein caused decreased quinone reduction
activity in the membrane fraction (Table 1). The remaining
activity might be derived from the SqrD enzyme mentioned
above. Apparently, SqrF is responsible for ~ 40% of quinone-
coupled sulfide oxidation under the conditions used. A similar
ratio was published for the SqrF (CT1087) of C. tepidum
(Chan et al. 2009).
Sulfide-dependent expression of the sqr genes
The expression profiles of the sulfide oxidase genes might
provide further information about the physiological roles of
the enzymes. Therefore, we studied the effect of sulfide on
sqrD and sqrF gene expression. T. roseopersicina cells grown
in sulfide-free medium were treated with various amounts of
Na2S. Cultures in carbonate-free media were supplemented
with 0–5 mM concentrations of Na2S (up to the maximal
concentrations that the cells can tolerate) and kept in the dark
to maintain constant sulfide concentrations during the 1-h in-
cubation time (it should be noted that the sulfide concentra-
tions remained constant during this time). The expression
levels of sqr genes were determined using RT-qPCR.
Relative expression values were calculated by comparing the
expression level of sqrD and sqrF in sulfide-treated and con-
trol cells. As shown in Fig. 3, sulfide treatment resulted in
higher expression of both sqr genes within 1 h as compared
to the untreated control culture. The expression of the sqrF
gene was maximal at a higher sulfide concentration (2.5 mM)
than that of the sqrD, which had the highest transcript level at
1 mM sulfide. The transcript profiles confirmed that TrSqrF
was required at higher environmental sulfide concentrations.
Expression and purification of recombinant SqrF
To produce pure TrSqrF protein, an expression vector
(pDSQNNS) was constructed, which enabled the homologous
production of recombinant SqrF fused to a Strep II affinity tag
at the N-terminal. The expression was driven by the promoter
of the T. roseopersicina crtD gene (Kovacs et al. 2003). The
pDSQNNS vector was transformed into a sqrF deletion mu-
tant T. roseopersicina strain via conjugation, thus membrane-
Fig. 2 Multiple amino acid sequence alignment of several representative
sulfide:quinone oxidoreductase proteins. The alignment including
TrSqrD and TrSqrF focuses on conserved regions of the sequences that
are characteristic to the different types of Sqrs. Conserved cysteine
residues of Sqrs are highlighted by bold red letters. Numbering of
conserved cysteines of T. roseopersicina SqrF is indicated under its
sequence. Sequence alignment obtained with Clustal Omega (EMBL-
EBI)
Table 1 Sulfide-dependent quinone reduction activity of membrane
fraction of SqrF containing and mutant Thiocapsa roseopersicina strains
T. roseopersicina strain Quinone reduction activity
(nmol DQ reduced min−1 (mg protein)−1
GB1121 5.4 ± 0.8
HOQN 3.0 ± 0.9
NSQNN 22.2 ± 5.8
GB1121 wild-type sqrF locus, HOQN sqrF deletion mutant, NSQNN
crtD promoter-driven expression of the sqrF gene from pDSQNNS plas-
mid in HOQN mutant, DQ duroquinone
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bound TrSqrF was expressed only from the plasmid in the
recombinant cells (NSQNN). The sulfide-dependent qui-
none-reducing activity of the membrane fraction of the recom-
binant TrSqrF-expressing strain was about four times higher
than the basic strain’s activity (Table 1). Western blot and
hybridization experiments confirmed that > 90% of the
expressed SqrF protein was in the membranes (Fig. S2). The
protein was purified to homogenity from the supernatant of
the NaBr-treated membrane fraction via affinity chromatogra-
phy. The purification yield of SqrF was 150 ± 59 μg protein
from 1-L cell culture.
A single band with a molecular weight of ~ 44 kDa was
observed in SDS-PAGE indicating the purification of SqrF to
homogenity (Fig. 4a). Before staining, TrSqrF was also iden-
tified in the same SDS-PAGE gel by in-gel fluorescence based
on emissions of the FAD cofactor (Fig. 4b). After clear native
gel electrophoresis, additional bands could be seen likely due
to the multimeric forms of the enzyme (Fig. 4c). LC-MS/MS
analysis also revealed that the purified protein was TrSqrF.
TrSqrD was not detected in the protein sample, indicating that
multimeric forms of the purified protein consisted solely of
TrSqrF.
Spectroscopic characterization of purified SqrF
The UV visible absorption spectrum of purified SqrF high-
lights a peak at 448 nm characteristic of oxidized FAD cofac-
tor content (Fig. 5). When the protein was treated with hot
methanol or 5% trichloroacetic acid, this peak did not appear
in the spectrum of the supernatant (data not shown), indicating
that the cofactor was bound covalently to TrSqrF. The fluo-
rescent emission spectrum using 450-nm excitation shows a
peak at 520 nm (Fig. 5) as a further proof for the presence of
FAD in the protein. One mole of the TrSqrF protein was
shown to contain 0.74 ± 0.14 mol of FAD cofactor, according
to the 11,300 M−1 cm−1 extinction coefficient of FAD at
450 nm (Macheroux 1999). This value is similar to that of
C. tepidum SqrF (CT1087) and type I Sqr of A. ferrooxidans
where 75 and 72% of the proteins was loaded with FAD,
respectively (Zhang and Weiner 2014; Shuman and Hanson
2016). To examine the redox activity of the purified protein,
10 μM purified oxidized SqrF was reduced by 1 mM sodium-
dithionite. After addition of the reducing agent, the absorption
maximum at 450 nm decreased, indicating the reduction of the
FAD cofactor in the protein. To reoxidize the reduced SqrF
protein, 100 μM duroquinone was added to the sample which
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Fig. 3 Expression of sqr genes in T. roseopersicina cells incubated at
different sulfide concentrations. Relative expression values of TrsqrD
and TrsqrF genes were determined by RT-qPCR. The transcript levels
of the sulfide free samples were the reference points
Fig. 4 PAGE analysis of the
recombinant TrSqrF protein
purified from T. roseopersicina. a
SDS-PAGE of 6 μg TrSqrF (Blue
Silver stained). b Same unstained
SDS-PAGE illuminated by UV. c
Western blot analysis of native
PAGE of of 6.6 μg TrSqrF (Blue
Native loading buffer)
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restored the absorption peak (Fig. 5). In a similar experiment,
we also examined TrSqrF reduction by 500 μM Na2S. The
protein could be reduced by sulfide as an electron donor and
could be reoxidized by the subsequent addition of
duroquinone (data not shown). These findings supported that
pure TrSqrF has a redox-active FAD cofactor and can catalyze
sulfide-dependent quinone reduction.
Kinetic analyses reveal that SqrF prefers ubiquinone
type quinones
The sulfide-dependent quinone reducing activity of TrSqrF
was determined by following quinone reduction at the optimal
growth temperature for T. roseopersicina,25 °C (Table 2). We
examined the reduction activity of the enzyme with various
ubiquinone- and menaquinone-type quinones as electron ac-
ceptors (Table 2). Activity measurements suggested that SqrF
prefers ubiquinone-type quinones; hence, we used
duroquinone and decylubiquinone for assessing the kinetic
properties of quinone- reducing activity of the purified
enzyme.
The steady-state kinetic parameters of TrSqrF for sulfide
and quinone as substrates were measured with both
duroquinone and decylubiquinone. The kcat and Michaelis
constant (Km) values and the efficiency of the enzyme (kcat
/Km) for Na2S and quinones were calculated based on non-
linear fitting of the Michaelis-Menten equation (Table 3). The
Km (quinone) and Km (Na2S) values were similar for both
quinones, indicating similar affinities to the substrates.
However, all other kinetic parameters indicated that the en-
zyme performed much better with decylubiquinone than with
duroquinone. It is worth noting that duroquinone-reducing
activity of TrSqrF is completely inhibited by 300 μM
iodoacetamide, indicating the essential roles of cysteines in
the catalytic process. The affinity of the enzyme to sulfide
was independent of the type of quinone applied and supported
the idea that SqrF is required at high sulfide concentrations.
The pH optimum of duroquinone-reducing activity of
TrSqrF was pH = 8.0 (Fig. 6a). The activity of the enzyme
was less than 10% of the maximal value at pH = 6.0 or 10.0,
indicating a narrow pH preference of the enzyme.
Temperature dependence of the catalytic activity of SqrF
was examined, and the highest activity of SqrF was measured
at 55 °C (Fig. 6b). This temperature is substantially higher than
the maximal growth temperature of T. roseopersicina (25–
28 °C). According to the temperature dependence data of the
enzymes, Arrhenius plots were constructed for both
duroquinone and decylubiquinone as substrates in the physio-
logical temperature range (10–30 °C) (Fig. 6c). In spite of the
similar affinity of the enzyme to the quinones studied, the acti-
vation energy was substantially lower (35.8 kJ K−1 mol−1) for
decylubiquinone than for duroquinone (73.6 kJ K−1 mol−1).
This difference between activation energies strongly suggests
that the structure of the quinone has substantial effect on the
energy barrier of the catalytic reaction.
In order to determine the thermostability of the TrSqrF, the
purified protein was incubated at various temperatures be-
tween 50 and 65 °C for 1 h prior to the determination of its
activity using a duroquinone reduction assay at 25 °C.
Figure 6d shows that the higher temperatures had drastic ef-
fects on the stability of SqrF: exposure to 60 and 65 °C re-
duced the activity of SqrF to 50% within 60 and 10 min,
respectively. The thermostability coincides with the tempera-
ture profile of the enzyme actvity.
Discussion
In the genome of T. roseopersicina, two sulfide:quinone oxi-
doreductase genes were found. According to in silico analysis,
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Fig. 5 UV-visible absorption and fluorescence spectra of the purified
TrSqrF. Absorption spectrum of aerobically purified TrSqrF (10 μM)
(green) is typical for flavoproteins with characteristic absorption peaks
at 350 nm and 448 nm. Absorption spectra of dithionite-reduced TrSqrF
(light blue) exhibiting the disappearanceof representative peaks of
oxidized FAD and re-oxidation of TrSqrF after addition of duroquinone
(purple) are shown. The fluorescent emission spectra of as purified (red)
and reduced (orange) TrSqrF samples which were recorded between 470
and 600 nm (excitation at 450 nm) are also indicated
Table 2 Sulfide-dependent quinone reduction activities of the purified
TrSqrF with various quinones
Electron acceptor Activity of TrSqrF
(μmol quinone reduced min−1 mg−1)
Duroquinone 1.35 ± 0.04
Decylubiquinone 8.86 ± 2.84
Ubiquinone-10 0.08 ± 0.02
Menadione 0.17 ± 0.13
Menaquinone-4 0.02 ± 0.01
Menaquinone-7 0.06 ± 0.01
Sulfide:quinone oxidoreductase activity of SqrF using different quinones
(50 μM) was measured at 25 °C
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one of these genes encoded a protein belonging to the type VI
Sqr subfamily; hence, we designated the gene and its product
as sqrF and SqrF. The other gene encoded a type IV Sqr
(SqrD). The genome of the purple sulfur bacterium
A. vinosum also harbors more than one sqr gene, and these
paralogs also belong to type IVand type VI (Weissgerber et al.
2011; Weissgerber et al. 2014). The significance and individ-
ual contribution of each homolog have not yet been elucidat-
ed. Here, we present the experimental biochemical character-
ization of this newly identified type VI Sqr from
T. roseopersicina.
Type VI Sqr genes/proteins have been found in various
proteobacteria, including purple, green, sulfur, or non-
sulfur photosynthetic bacteria (Weissgerber et al. 2011;
Ding et al. 2014; Shuman and Hanson 2016), non-
photosynthetic bacteria (Miura et al. 2013), and endosym-
bionts (Kuwahara et al. 2007; Gardebrecht et al. 2012;
Nakagawa et al. 2014). All of these strains might be
exposed to high sulfide concentrations. The endosymbi-
onts gain energy via sulfide oxidation to produce organic
molecules for their hosts (Kuwahara et al. 2007). On the
phylogenetic tree, TrSqrF (as well as the enzyme of a close
relative, A. vinosum) and the SqrFs of endosymbionts are
clustered together while an apparently weaker relationship
could be observed with SqrF (CT1087) of C. tepidum. A type
VI Sqr of this latter bacteriumwas expressed inE. coli, and the
kinetic parameters of the purified enzyme were determined
(Shuman and Hanson 2016). However, the low sequence
identity (32%) of this enzyme to T. roseopersicina SqrF jus-
tifies the need for detailed characterization of the type VI Sqr
enzyme from purple sulfur bacteria, especially with respect to
quinone, pH preference and temperature dependence, which
have not been published for this type of enzyme yet.
Comparison of the sulfide-dependent quinone-reducing
activity data of the membrane fractions of the TrSqrF-
containing and non-containing strains showed that the
Table 3 Steady-state kinetic parameters of purified TrSqrF with duroquinone and decylubiquinone
Electron
acceptor
Vmax
(μmol min−1 mg−1)
kcat (s
−1) Km (Na2S) (μM) Km (quinone) (μM) kcat/Km (Na2S)
(μM−1 s−1)
kcat/Km
(quinone) (μM−1 s−1)
Duroquinone 2.29 ± 0.19 1.64 ± 0.14 209 ± 30 27.4 ± 2.5 0.008 0.06
Decylubiquinone 15.1 ± 0.6 10.9 ± 0.4 232 ± 27 24.5 ± 6.4 0.047 0.44
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and stability of TrSqrF. a pH
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membrane fraction of the TrSqrF deletion mutant strain
was still active, although exhibiting decreased activity. It
indicates that beyond the active and functioning
membrane-bound TrSqrF other protein(s) in the mem-
branes of T. roseopersicina exert Sqr activity, as well.
The sulfide:quinone reductase activity of the membrane
fraction of T. roseopersicna (5.4 ± 0.8 nmol DQ re-
duced min−1 (mg protein)−1) was low as compared to
other strains, such as A. vinosum (136 nmol DQ re-
duced min−1 (mg protein)−1) (Reinartz et al. 1998), or
C. tepidum (87 μmol of dUQ reduced min−1 (mg pro-
tein)−1) (Chan et al. 2009), even if we consider that the
specific activity of the T. roseopersicina enzyme was 6.6
times higher with dUQ than with DQ (Table 3). The rel-
atively low sulfide oxidase activity of T. roseopersicina
membranes may explain why cells are unable to grow on
sulfide as their sole electron source.
The promoter of sqrD and sqrF was inducible by sulfide.
The expression level of the sqrF gene was the highest at
2.5 mM sulfide (Fig. 3). This suggests that this enzyme has
a major role at higher sulfide concentrations considering the
sulfide tolerance range of the cells. This finding is in agree-
ment with the data obtained for the CT1087 Sqr ofC. tepidum
(Chan et al. 2009). However, high-throughput functional ge-
nomic analyses indicated that the expression of the sqr genes
of A. vinosum were not really sensitive to the presence of
sulfide (less than twofold increase) (Weissgerber et al. 2013;
Weissgerber et al. 2014).
Attempts to produce active recombinant SqrF (and
SqrD) in E. coli have failed so far. Interestingly, SqrF
(CT1087) of C. tepidum could be actively expressed and
characterized in E. coli (Shuman and Hanson 2016).
However, we could successfully express TrSqrF in
T. roseopersicina. Absorption and fluorescence spectra
of purified TrSqrF are similar to other types of Sqr pro-
teins’ spectra (Marcia et al. 2010b; Lencina et al. 2013)
showing a FAD cofactor that is covalently bound, proba-
bly via Cys121 (Marcia et al. 2010a).
Facultative anaerobic proteobacteria might contain
menaquinones (MK) and ubiquinones (UQ) (Soballe and
Poole 2008; Lencina et al. 2013). Due to the higher redox
potential of UQs than MKs, ubiquinones are rather in-
volved in respiratory chains (Nitschke et al. 1995;
Sobal le and Poole 2008) . A purple bac ter ium,
Halorhodospira halophila utilizes UQ-8 for respiratory
system and MK-8 for photosynthetic electron transfer re-
actions (Schoepp-Cothenet et al. 2009). According to LC-
MS analysis, T. roseopersicina membranes contains UQ-8
and MK-8 (data not shown) which coincides with the data
published for other strains (Imhoff 1984). Quinone pref-
erence of purified TrSqrF was determined using several
menaquinone- and ubiquinone-type quinones. Our results
clearly show that TrSqrF prefers ubiquinone-type
quinones over menaquinones (Table 2). This is similar
to quinone preference of other types of Sqr enzymes: type
I Sqr from A. aeolicus (Marcia et al. 2010b) or
O. limnetica (Arieli et al. 1994), type II Sqr from
S. pombe (Vande Weghe and Ow 1999), type III Sqr from
C. maquilingensis (Lencina et al. 2013), type V Sqr from
A. ambivalens (Brito et al. 2009), and type VI from
C. tepidum (Chan et al. 2009; Shuman and Hanson
2016) can reduce ubiquinones with higher activity. The
activation energy of the reactions catalyzed by the
T. roseopersicina type VI TrSqrF using decylubiquinone
(35.8 kJ K−1 mol−1) was slightly higher than the type I
enzyme from A. aeolicus Sqr (14.0 kJ K−1 mol−1) (Marcia
et al. 2010b), or A. ferrooxidans Sqr (29.6 kJ K−1 mol−1)
(Zhang and Weiner 2014). A substantially higher activa-
tion energy value was determined with duroquinone
(73.6 kJ K−1 mol−1) indicating the functional role of the
structural elements of the quinone in the catalytic process.
We determined kinetic parameters of purified SqrF and
found that its Km for sulfide is in a higher range. Table 4
shows that the Km (for sulfide) of type VI SqrF of
T. roseopersicina (209 μM) is much higher than that of
Table 4 Steady-state kinetic parameters of different type Sqr enzymes
with decylubiquinone. The data of TrSqrF are in bold
Sqr type Microorganism (reference) Km
a (μM) Vmax kcat (s
−1)
I. Acidithiobacillus
ferrooxidansb
42 30–50 31.59
I. Aquifex aeolicusc 5.94 58.8 46.5
I. Rhodobacter capsulatusd 5 50–55 41.13
I. Oacillatoria limneticae 8 1.89 1.5
II. Homo sapiensf 315 85.06 65
II. Schizosaccharomyces pombeg 2000 81.6 52
II. Arenicola marinah 23 1.5–5.6 3.02
II. Bacillus stearothermophilusi 3100 1 0.75
III. Caldivirga maquilensisj 77 0.8 0.6
V. Acidianus ambivalensk 2 0.47 0.37
VI. Chlorobaculum tepiduml 1950 71 54
VI. Thiocapsa roseopersicina 232 15.1 10.9
aKm values are given for sulfide
bWakai et al. (2007)
cMarcia et al. (2010)
d Griesbeck et al. (2002)
e Arieli et al. (1994)
f Jackson et al. (2012)
g Vande Weghe and Ow (1999)
h Theissen and Martin (2008)
i Shibata et al. (2007)
j Lencina et al. (2013)
k Brito et al. (2009)
l Shuman and Hanson (2016)
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the bacterial type I Sqr from A. aeolicus (5.94 μM) or
from R. capsulatus (5 μM) (Griesbeck et al. 2002;
Marcia et al. 2010b), type II Sqr from Arenicola marina
(23 μM) (Theissen and Martin 2008), type III Sqr from
C. maquilingensis (77 μM) (Lencina et al. 2013), and
type V Sqr from A. ambivalens (2 μM). It can also be
seen that the type II Sqr of Bacillus stearothermophilus
has the highest Km value for sulfide (Shibata et al. 2007).
Nevertheless, the type VI Sqr from C. tepidum shows an
even higher, about 2 mM Km value (Shuman and Hanson
2016) (Table 4). The low sequence identity between these
type VI Sqr enzymes might explain the significant differ-
ences in their kinetic parameters and structure-function
relationships.
Taken all these data together, we conclude that
T. roseopersicina has multiple sulfide oxidizing systems
with more than one Sqr enzymes, Fcc and Dsr complex.
While the type VI TrSqr gets expressed and is mainly
active at relatively high, millimolar sulfide concentrations,
the type IV Sqr enzyme may function under wider or
preferentially lower concentration ranges based on its ex-
pression profile. This sort of regulation of the activity and
tuning of the throughput of sulfide oxidation enables the
cells to gain high sulfide oxidation rates when needed at
high concentration, while facilitating limited protein pro-
duction otherwise. A similar type of regulation takes place
in several cyanobacteria, where the D1 protein, the main
component of the multi-subunit PSII complex, has
paralogous sequences of different biophysical characteris-
tics (Kós et al. 2008). Transcriptional regulation is com-
mon in bacteria and the presence of multiple sqr genes
has also been reported, but this kind of regulation of Sqr
activity has not yet been reported. A similar phenomenon
was observed for few endosymbionts (Kuwahara et al.
2007; Gardebrecht et al. 2012; Nakagawa et al. 2014),
which have SqrFs apparently closely related to TrSqrF
and are usually exposed to high sulfide concentrations.
Moreover, the sulfur metabolism of these microbes has
remarkable similarities to that of purple sulfur bacteria;
therefore, TrSqrF might be a good model enzyme for the
ancient enzymes involved in anoxic energy-gaining
processes.
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